Amplification of femtosecond pulses through spatial expansion and recompression in a temporally nondispersive grating apparatus is demonstrated. The system used does not lengthen the pulse, provides higher gain than conventional amplifiers, and separates effectively the amplified spontaneous emission from the signal. The output pulse duration is easily controlled from Tmin = 50 fs to several hundred femtoseconds by fine adjustment of the components used in the spatially dispersive scheme.
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For most applications the output pulses of a collidingpulse mode-locked dye laser must be amplified.
The group-velocity dispersion in the amplifier medium and optical components temporally lengthens the femtosecond pulses. Several methods have been used to restore and maintain the duration of the amplified pulses. This has mostly been achieved by a prism or a grating compressor.`
Shortening of the pulse has also been observed by chirp compensation in a multistage amplifier. 5 Thus pulses even shorter than the input pulse can be obtained. 6 Spatially chirped pulse amplification by using a single grating has been demonstrated. 7 Experiments were also reported in which the possibility of obtaining spatially dispersive amplification with a four-prism sequence in a double confocal resonator has been studied; however, actual amplification was not demonstrated. 8 9 An interesting and simpler possibility that uses spatial dispersion offers the 4f geometry in a combination of lenses and gratings, where 4f indicates that the optical components of the setup have distances identical to or close to the focal length of the lenses used. The dispersion-free characteristics of these Fourier-transform systems have been discussed 1 0 and demonstrated for the case of passive shaping of ultrashort pulses. 1 1 Amplification with a 4f spatially dispersive scheme has been proposed 1 2 and analyzed theoretically." 3 Here we report what we believe to be the first measurements of femtosecond pulse amplification in a temporally nondispersive grating arrangement. A small detuning from the exact 4f geometry can compensate for the chirping of the pulses that may be present in the femtosecond laser or caused by the optical components. In this way we observed amplified pulses as short as 50 fs without lengthening the duration of the incoming pulse and achieved higher amplification coefficients than are usually obtained in conventional arrangements.
The femtosecond source is a colliding-pulse mode-locked dye laser pumped by a 3-W 514-nm Ar laser. The spectrum of the laser operating with Rhodamine 6G as the active medium and DODCI as the saturable absorber is centered at 630 nm. The average power in each of the two beams is -8 mW, the pulse duration is 50 fs, and the repetition rate is The dye cell placed in the common focal plane of the lenses is 1.6 cm long and is adjusted to nearly the Brewster angle to minimize reflection losses and the generation of amplified spontaneous emission (ASE). The parameters of the scheme are measured when the amplifier was used in a single-pass as well as a double-pass configuration.
The concentration of the Sulforhodamine B dye in the amplifier was varied in the range of 1 X 10-4 to 3 x 10-4 M in methanol, and an optimum was found at 1.5 x 10-4 M with respect to the gain factor and the output beam quality.
We excite the gain medium by the second harmonic of a Nd:YAG laser. In our setup the pump beam enters perpendicular to the plane of Fig. 1 .
The 12-Hz repetition rate of the pump laser is synchronized with the 100-MHz femtosecond laser pulse train.
The gain factor was determined by using a fast photodiode, an oscilloscope, and calibrated neutraldensity filters to measure the ratio between the output and the input pulses of the amplifier. This procedure is correct since the absorption of Sulforhodamine B at the laser wavelength is negligible. respective factor is 10 4 , which shows that the amplification is not saturated. These values are 4 times (or 20 times for the double-pass configuration)
higher than those of a conventional transversely pumped scheme under the same conditions. The latter value was realized by replacing the gratings by 100% mirrors and removing the cylindrical lenses.
The improved extraction efficiency is due to reduced mode competition as well as to temporal lengthening of the pulse in the plane of spatial dispersion." 3 Following the method of Ref. 14, the FWHM pulse duration r-close to the symmetry plane can be calculated by using Fourier analysis:
This is a good approximation, because the confocal parameter of the lenses is almost as long as the dye cell. In Eq.
(1) Tin = 50 fs is the input pulse duration, a = 2 mm is the beam diameter, k = 10' cm-' is the wave number corresponding to the central wavelength of the femtosecond laser, coo = 3.0 X 1015 s-' is the carrier frequency of the femtosecond laser, d = 1.7 Atm is the grating constant, m = 1 is the diffraction order, f3 = 1.2 x 10-16 s is the grating angular dispersion, and yo = 8° is the diffraction angle. In the case of a sech pulse form we have to choose F = 0.1 to get the FWHM. Thus we obtain TS = 800 fs.
In this way the first part of the symmetric scheme ( Fig. 1) acts as a stretcher, while the second part recompresses the pulse to its minimum duration. In this respect the configuration can be considered as a spatial version of the chirped-pulse amplifier. 6 Robustness, simplicity, ease of maintenance, and stability are important advantages of the described design. An important point is that the setup is operated in a temporally dispersion-free regime, which is accomplished by adjusting the distances between lenses CL and gratings G. It follows from the confocal parameter of the lenses used (b = 1 cm) that the adjustment of both distances (Fig. 2) is critical to within several millimeters.
The pulse duration of the nonamplified and amplified output pulses was measured by a backgroundfree autocorrelator. Typical autocorrelation curves for 50-fs input pulses in a double-pass configuration are plotted in Fig. 3. Figure 3(a) shows the dispersion-free character of the system, comparing directly the input (dashed curve) and nonamplified output (solid curve) pulses. The shape and width of the pulse are preserved, and the small reduction of the wings is in agreement with the observations in Ref. 11 for a pulse-shaping scheme. This measurement is important in view of the 4.5-cm optical path in the cell windows, lenses, and dye mixture, which would normally lengthen the pulse. A fine adjustment of the grating position closer to (farther from) the lenses produces positive (negative) dispersion, 10 ' 1 thus allowing the compensation of any chirp of the pulses produced in the femtosecond laser or induced by the optical elements. The ideal 4f arrangement itself as an ideal geometry is dispersion free. In the real setup the influence of the optical components is compensated for by fine adjustment of the elements, thus the amplifier as a whole can be considered as a dispersion-compensating system.
The autocorrelation function of the amplified pulses can be seen in Fig. 3(b) . The distribution of the doughnut-shaped pump beam in the plane of spatial dispersion inside the cell was optimized to obtain the shortest possible pulses (50 fs), whereas in the conventional scheme (mirrors instead of gratings) pulses not shorter than 150 fs were measured. Thus we compensated for the influence of gain dispersion that arises from the final bandwidth of the dye and the ASE. We note that even in the saturation regime it is always possible to compensate for dispersion effects by properly redistributing the pump-beam intensity" 3 ; unbalanced amplification of the different spectral components in the symmetry plane is avoidable. Moreover the method described here offers the possibility for active pulse shaping." 3 A simple translation of the cylindrical lens in the pumping beam along the beam axis changes the pulse duration from Tmin = 50 fs to approximately 200 fs.
The ratio between the intensity of spontaneous emission and signal of the amplifier is less than 5% in single-and double-pass configurations without spatial filter or saturable absorber. This is much better than in the conventional apparatus where we measured 20% ASE for one pass and more than 50% for two passes. The reduced ASE background can be understood by the following filtering mechanism: Whereas the signal beam has high divergence in the amplifier cell and is recollimated by the second lens in the setup, the ASE is generated by the pumping laser beam with small divergence and is therefore defocused by the second lens. A further reduction of ASE is expected when antireflection coatings on the amplifier cell windows and on the lenses are used, which leads to a decrease of stray light and reflections.
In conclusion, we have demonstrated a novel configuration of a femtosecond amplifier. The spatial expansion and recompression geometry allows amplification without change of the pulse duration and produces high-gain factors and a reduced ASE background; the obtained results are much better than those of comparable conventional short-pulse amplifiers. Comparisons with the proposal of Ref. 8 are not possible yet, since for that scheme only measurements of the unpumped amplifier have been published.
The integrated design of the beam stretcher, amplifier, and compressor opens the possibility for active pulse shaping and compression. The dispersion-free character of the system and the possibility of compensating for a chirp that may be present are promising features. The setup described here may also be used for amplification of specially shaped ultrashort pulses, e.g., square pulses with femtosecond rise time, femtosecond tone bursts, and highly complex encoded pulses.
